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,QWURGXFWLRQ
1RZDGD\V 7LWDQLXP SDUWV DUH ZLGHO\ XVHG LQ DHURVSDFH DSSOLFDWLRQV GXH WR WKH H[FHOOHQW VSHFLILFPHFKDQLFDO
SURSHUWLHV7KHQHHGIRUOLJKWZHLJKWGHVLJQLQDHURVSDFHLQGXVWULHVOHDGVWRH[SHQVLYHSURGXFWLRQGXHWRVXEVWUDFWLYH
PDQXIDFWXULQJUHVXOWLQJLQPDVVUHGXFWLRQRIWKHUDZPDWHULDORIXSWR7KH$GGLWLYH0HWDO'HSRVLWLRQ$0'
LV D OD\HUE\OD\HUPDQXIDFWLRQSURFHVV IRU WKHSURGXFWLRQRI WKUHHGLPHQVLRQDO FRPSOH[SDUWV 5DYL HW DO 
7KH UHSDLU RI KLJK YDOXH SDUWV XVLQJ $0' ZHUH VKRZQ E\ %UDQGO  DQG 7KLMV HW DO  7KH DGGLWLYH
PDQXIDFWXULQJ SURFHVV RIIHUV D KLJK JHRPHWULFDO IOH[LELOLW\ LQ FRPSDULVRQ WR FRQYHQWLRQDO PDQXIDFWXULQJ
WHFKQRORJLHVOLNH/DVHU$GGLWLYH0DQXIDFWXULQJ/$0%UDQGO




RI LGHDOSURFHVVSDUDPHWHUV LVSRVVLEOH$FFRUGLQJZLWKDQLQFUHDVLQJKHLJKWRI$0'SDUWV WKHPDWHULDOSURSHUWLHV
DUHDOWHULQJSURJUHVVLYHO\3D\GDVHWDO7KHUHIRUHSURFHVVVWUDWHJLHVDUHQHHGHGWKDWVXSSRUWWKHYDULDWLRQRI




OLNH VWUXFWXUDO VXSSRUW DQG WKHUPDO FRQGXFWLYLW\ GXULQJ WKH PDQXIDFWXULQJ SURFHVV EHWZHHQ WKH SRZGHU DQG WKH
SURGXFW
3UHYLRXV SXEOLFDWLRQV E\ 3D\GDV HW DO  .HOEDVVD  DQG %UDQGO  RQ WKH $0' SURFHVV KDYH
LQYHVWLJDWHGWKHPHFKDQLFDOSURSHUWLHVRIWKHOD\HUE\OD\HUDGGHGPDWHULDO,QDGGLWLRQ3D\GDVHWDOVWXGLHG
WKHLQIOXHQFHRIWKHZHOGLQJSDWKRQWKHPLFURVWUXFWXUHDQG)HVVOHUHWDOLQYHVWLJDWHGWKHUHVLGXDOVWUHVVHVLQ
EXLOW XS $0' SURGXFWV 7KHVH SXEOLFDWLRQV VKRZ WKH XVDELOLW\ RI $0' PDQXIDFWXUHG SDUWV DV VWUXFWXUDO
FRPSRQHQWV
*XLGHOLQHVE\.UDQ]HWDOZHUHGHYHORSHGWREHDEOHWRH[SORLWWKHIXOOJHRPHWULFDODQGOLJKWZHLJKWGHVLJQ
SRWHQWLDO RI /$0 SURFHVVHV %DVLF VKDSHV LQ OLJKWZHLJKW GHVLJQ FDQ EH H[WUDFWHG IURP JXLGHOLQHV IRU JHQHUDO
OLJKWZHLJKWGHVLJQ.OHLQ'HVLJQPHWKRGVLQOLJKWZHLJKWGHVLJQRIWHQFDXVHILQHVWUXFWXUHGSDUWVZKLFKDUH
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(YROXWLRQDU\EDVHGGHYHORSPHQWRIVWDEOH
3.1. Algorithm and Constraints 
7KH SURFHVV RI ODVHU FODGGLQJ GHSHQGV RQ D QXPEHU RI SDUDPHWHUV KHDYLO\ LQWHUIHULQJ ZLWK HDFK RWKHU 7KH
VROXWLRQ VSDFH LV YHU\ ODUJH DQG H[KDXVWLYH VHDUFK RI  WKH RSWLPXP EHFRPHV LPSUDFWLFDO 3DUWO\ REMHFWLYHV DUH
FRQIOLFWLQJHJDKLJKFODGGLQJUDWHDQGDKLJKVXUIDFHTXDOLW\DQGWKHWLPHWRDFKLHYHRQHVROXWLRQWHVWUXQRQWKH
PDFKLQHWDNHVORQJ*XHVVLQJRISDUDPHWHUVHWVIRUDGHVLJQRIH[SHULPHQWVFRXOGOHDGWRDKLJKQXPEHURIWHVWUXQV
GXH WR XQLQWHQWLRQDO PLVWDNHV 7R FRPSHQVDWH WKLV WKH XVH RI HYROXWLRQDU\ DOJRULWKPV LV FRPPRQ LQ UHDO ZRUOG
DSSOLFDWLRQV &KLRQJ :H GHFLGHG IRU DQ DOJRULWKPLF DSSURDFK XVLQJ WKHPXOWLREMHFWLYH JHQHWLF DOJRULWKP
*$16*$,,'HE7KLVDOORZVXVWRDGGUHVVDQXPEHURIGHSHQGHQWREMHFWLYHVDWDWLPHDQGWRILQG
WKH SDUHWR IURQW ZKLFK HQDEOHV XV WR ZHLJKW WKH REMHFWLYHV DIWHUZDUGV DQG FKRRVH SDUDPHWHU VHWV IRU GLIIHUHQW
UHTXLUHPHQWVLQWKHFODGGLQJSURFHVV$*$XVHVUHFRPELQDWLRQDQGPXWDWLRQRIWKHEHVWUHVXOWVRIWKHSDVWLWHUDWLRQ

















%HIRUH VWDUWLQJ WKH QH[W JHQHUDWLRQ WKH SDUDPHWHU VHWZDV LQYHVWLJDWHG'XH WR WKH RSHUDWLQJ SULQFLSOHV RI WKH
DOJRULWKP WKH SRVVLELOLW\ WR JHQHUDWH D SDUDPHWHU VHW ZKLFK KDV DOUHDG\ EHHQ WHVWHG LV JUHDWHU WKDQ ]HUR 7KHVH



































)RU WKH ILUVW UXQ ZLWK WKUHH YDULDEOHV DQG WKUHH REMHFWLYHV ZLWK D WRWDO QXPEHU RI āā  SRVVLEOH
FRPELQDWLRQV   LQGLYLGXDO WHVWV ZLWKLQ IRXU JHQHUDWLRQV ZLWK D SRSXODWLRQ RI  WHVWV KDYH EHHQ
FRQGXFWHG2YHU WKH IRXU JHQHUDWLRQV D VLJQLILFDQW LPSURYHPHQW RI WKH SDUDPHWHU VHWV FDQ EH VHHQ 7KH YDULDEOH
VSDFH LVGHSLFWHG LQ)LJ D WKH VROXWLRQVSDFH LQ)LJ E7KHFRORURI WKHFLUFOHV VKRZV WKHZHLJKWHGDQG
)LJ0HDXUHGGHSHQGHQF\EHWZHHQWDEOHIHHGHUURWDWLRQDQGSRZGHUIHHGUDWHFDUULHUJDVOPLQ
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QRUPDOL]HGTXDOLW\ UDQJLQJIURP WRSRLQWZLWKEHLQJ WKHEHVW7KHVL]HRI WKHFLUFOHVVKRZV WKHJHQHUDWLRQ
ZLWKWKHODUJHVWEHLQJWKHODWHVWJHQHUDWLRQ7KHSDUDPHWHUDUHZHOOGLVWULEXWHGLQWKHYDULDEOHVSDFH
,Q WKH FHQWHU SDUW RI )LJ  D DQ DUHDZLWK JRRG UHVXOWV EOXH FDQ EHH VHHQ 7KH ERXQGDULHV RI WKH GHILQHG




ELJ UHG FLUFOHV DUH DQ HIIHFW RI WKH*$$W WKH ODVW JHQHUDWLRQ WKHPDMRULW\RI WKH VDPSOHVGHOLYHUHGYHU\JRRG
RSWLFDOYDOXHV$QLQFUHDVHLQKHLJKWPRVWO\UHVXOWHGLQEDGFUDFNYDOXHV
3.3. Development of threedimensional process strategy 
)LJ  VKRZV WKH IRXU HYROXWLRQVZKHUH HDFK URZ UHSUHVHQWV D VLQJOH HYROXWLRQ7KH HYROXWLRQDU\ DOJRULWKP LV
XVHGIRUWKHGHYHORSPHQWRIWZRGLPHQVLRQDOSURFHVVSDUDPHWHUVIRUVLQJOHEHDGV)LJ7KHLQFUHDVLQJDPRXQWRI
JRRGUHVXOWVJUHHQPDUNHUVKRZVWKHYDOXHRIWKHHYROXWLRQDU\DOJRULWKPLQILQGLQJWKHRSWLPL]HGSDUDPHWHUVHW
$IWHU GHYHORSLQJ WZRGLPHQVLRQDO SDUDPHWHU VHWV WKH VWUDWHJ\ IRU WKUHHGLPHQVLRQDO EXLOGLQJ RI SDUWV LQ QDUURZ
WROHUDQFHVKDVWREHFRQVLGHUHG
)RUDILUVWDSSURDFKWKHPRVWHIILFLHQWVHWRISDUDPHWHUVLVFKRVHQWRPDQXIDFWXUHDZDOOZLWKRXWDQ\RSWLPL]DWLRQ
ODVHU SRZHU : SURFHVVLQJ VSHHG PPLQ WDEOH URWDWLRQ 8PLQ 7KH GLPHQVLRQV IRU WKHZDOO DUH
GHVFULEHGLQILJXUHD7KHSURGXFHGZDOOVKRZVKLJKDFFXUDF\LQKHLJKWPPVWDQGDUGGHYLDWLRQ
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LQKHLJKW:LWKLQFUHDVLQJEXLOGKHLJKWWKHSURFHVVDSSUR[LPDWHO\FRPHVWRDQHTXLOLEULXPVWDWHLQWKHVHFRQGSKDVH
ZLWK DQ DSSUR[LPDWHG WZRGLPHQVLRQDO KHDWIORZ H[WHQG WR DSSUR[ PP LQ KHLJKW7KH WKLUG SKDVH VKRZV DQ
GHFUHDVLQJWKLFNQHVVUHODWHGWRWKHXSFRPLQJKHDWDFFXPXODWLRQ
7RGHDOZLWK WKHYDU\LQJ WKHUPDO VLWXDWLRQ LQ WUHHGLPHQVLRQDOSDUWV RQH DSSURDFK LV WR LPSOHPHQW VHQVRUV LQ
RUGHUWRFRQWUROWKHSDUDPHWHUVIRUWKHFKDQJHGERXQGDU\FRQGLWLRQV7KHDSSURDFKLQWKLVSDSHULVDERXWGHVLJQLQJD
UREXVWSURFHVVZKLFKFDQEHGHILQHGDSULRULDQGGRHVQ¶WQHHGRQOLQHDGMXVWPHQWV7KHUHIRUHWKHPDLQLQIOXHQFLQJ

























3URFHVVVWUDWHJ\ YDULDEOHYDOXHV KHLJKW ZLGWK
&RQVWDQWODVHUSRZHU  PPPP PPPP
 $%&' PPPP PPPP
 $%&' PPPP PPPP
 $%&' PPPP PPPP
IDLOHG $%&' PPPP PPPP
 $%&' PPPP PPPP
 $%&' PPPP PPPP
 $%&' PPPP PPPP
 $%&' PPPP PPPP
 $%&' PPPP PPPP

7KH LUUHJXODULW\ RI WKH ZDOO¶V JHRPHWU\ FDQ EH UHGXFHG VLJQLILFDQWO\ DV VKRZQ LQ WDEOH  $OWKRXJK WKHUH LV D





7KH IROORZLQJ H[SHULPHQWV VKRZ D ILUVW LQWURGXFWLRQ WR GHWHUPLQH WKH GHJUHH RI IUHHGRPXVLQJ WKH LQWURGXFHG
$0'V\VWHP IRU WKHSURFHVV LQYLHZRI DGHVLJQJXLGHOLQH7KLQZDOOVKDYHEHHQ VHOHFWHGDVEDVLF VKDSH IRU WKH
H[SHULPHQWV7KHZDOOVKDYHEHHQPDQXIDFWXUHGZLWKDOHQJWKRIPPDQGDZLGWKRIDVLQJOHODQH7KHVSHFLPHQV
KDYH EHHQPDQXIDFWXUHG XQGHU GLIIHUHQW DQJOHV IURP  GHJUHH WR  GHJUHH WR WKH QRUPDO RI WKH VXUIDFH RI WKH
EXLOGLQJSODWIRUP7KHUHDUHWKUHHVWUDWHJLHVWRLPSOHPHQWWKHYDU\LQJDQJOHVVNHWFKHGLQILJXUH
$EELOGXQJ )LJ%XLOWZDOOVZLWKYDULHGGHFUHDVHIXQFWLRQRIKHDWLQSXWZLWKSURJUHVVLYHEXLOGKHLJKW




   
)LJ6NHWFKRIWKHWKUHHEXLOGLQJVWUDWHJLHVOHIWVWUDWHJ\PLGGOHVWUDWHJ\DQGULJKWVWUDWHJ\
7KH ILUVW VWUDWHJ\ UHDOL]HG WKHDQJOHZLWKD VWHSZLVHRIIVHWEHWZHHQ WKH OD\HU VLPLODU WR WKH/$0SURFHVV7KH
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7DEOH0DWUL[RIDOOPHDVXUHGDYHUDJHYDOXHVIRUWKHPDQXIDFWXUHGZDOOV
LQFOLQDWLRQDQJOH 5HIHUHQFH 6WUDWHJ\ 6WUDWHJ\ 6WUDWHJ\




  E PP E PP E PP






  E PP E PP E PP






  IDLOHG E PP IDLOHG













ZDOOV RI FRQVWDQW WKLFNQHVV EXW DERXW PP VPDOOHU WKDQ WKH UHIHUHQFHZDOO 7KH KLJKHVW GLIIHUHQFH RI WKHZDOO
WKLFNQHVVLQFRPSDULVRQWRWKHUHIHUHQFHZDOOKDVEHHQHYDOXDWHGLQVWUDWHJ\7KHUHDOLVDWLRQRIFRPSOH[SDUWVFDQ







7KH VXUIDFH URXJKQHVV RI WKH PDQXIDFWXUHG ZDOOV KDV EHHQ HYDOXDWHG XVLQJ WKH LQWURGXFHG /DVHU 6FDQQLQJ
0LFURVFRSH)LJXUHVKRZVWKHVXUIDFHURXJKQHVVDVDIXQFWLRQRIWKHWLOWDQJOHRIWKHZDOO7KHUHVXOWVRIVWUDWHJ\
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&RQFOXVLRQV
7KH$0'SURFHVVFDQEHXVHG WREXLOGXSZDOOV LQQDUURZWROHUDQFHVXVLQJ WKUHHGLPHQVLRQDODGDSWHGSURFHVV
VWUDWHJLHV7KLVSDSHUJLYHVDQDSSURDFKWRVHWDSULRULSDUDPHWHUVIRUHIIHFWLYHGHUHGXFWRQRIWKHGHYLDWLRQEHWZHHQ




'LIIHUHQW EXLOGLQJ VWUDWHJLHV KDYH EHHQ DQDO\VHG 7ZR RXW RI WKUHH HYDOXDWHG EXLOGLQJ VWUDWHJLHV SURYLGH
FRPSDUDEOH PHDVXUHPHQWV WR WKH UHIHUHQFH ZDOO %RWK VWUDWHJLHV DSSHDU WR EH DSSOLFDEOH XQGHU WKH LGHQWLILHG











'HE .DO\DQPR\ $PULW3UDWDS 6DPHHU $JDUZDO DQG 7 0H\DULYDQ $ )DVW DQG (OLWLVW 0XOWLREMHFWLYH *HQHWLF $OJRULWKP 16*$±,, ,(((
7UDQVDFWLRQVRQ(YROXWLRQDU\&RPSXWDWLRQ±$SULO
'HE .DO\DQPR\ HW DO $ IDVW HOLWLVW QRQGRPLQDWHG VRUWLQJ JHQHWLF DOJRULWKP IRU PXOWLREMHFWLYH RSWLPL]DWLRQ 16*$,, 3DUDOOHO
SUREOHPVROYLQJIURPQDWXUH33619,6SULQJHU%HUOLQ+HLGHOEHUJ
)HVVOHU -50HU]51LFNHO$+3ULQ])%	:HLVV/( /DVHUGHSRVLWLRQRIPHWDOV IRU VKDSHGHSRVLWLRQPDQXIDFWXULQJ ,Q
3URFHHGLQJVRIWKHVROLGIUHHIRUPIDEULFDWLRQV\PSRVLXPSS$XVWLQ7;8QLYHUVLW\RI7H[DVDW$XVWLQ
.HOEDVVD ,   4XDOLIL]LHUHQ GHV /DVHUVWUDKO$XIWUDJVFKZHLHQV YRQ %/,6.V DXV 1LFNHOXQG 7LWDQEDVLVOHJLHUXQJHQ )DNXOWlW IU
0DVFKLQHQZHVHQ3XEOLNDWLRQVVHUYHUGHU5:7+$DFKHQ8QLYHUVLW\$DFKHQ
.OHLQ %HUQG  /HLFKWEDX.RQVWUXNWLRQ %HUHFKQXQJVJUXQGODJHQ XQG *HVWDOWXQJ  PLW 7DEHOOHQ  EHUDUE XQG HUZ $XIO9LHZHJ 
7HXEQHU:LHVEDGHQ
.UDQ] -+HU]RJ'(PPHOPDQQ&'HVLJQJXLGHOLQHV IRU ODVHUDGGLWLYHPDQXIDFWXULQJRI OLJKWZHLJKW VWUXFWXUHV LQ7L$O9 ,Q -
/DVHU$SSO-RXUQDORI/DVHU$SSOLFDWLRQV6
/RUH7KLMV)UHGHULN9HUKDHJKH7RP&UDHJKV-DQ9DQ+XPEHHFN-HDQ3LHUUH.UXWK$VWXG\RIWKHPLFURVWUXFWXUDOHYROXWLRQGXULQJVHOHFWLYH
ODVHU PHOWLQJ RI 7L±$O±9 $FWD0DWHULDOLD 9ROXPH  ,VVXH  0D\  3DJHV  ,661 
KWWSG[GRLRUJMDFWDPDW
+ 3D\GDV$0HUWHQV5&DUUXV - /HFRPWH%HFNHUV - 7FKRXIDQJ7FKXLQGMDQJ/DVHU FODGGLQJ DV UHSDLU WHFKQRORJ\ IRU7L±$O±9 DOOR\
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